Abstract Aims/hypothesis: Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) is a transcriptional coactivator implicated in insulin release by beta cells and in insulin resistance. Therefore, genetic variation of PPARGC1A could be implicated in the onset of type 2 diabetes. In this study, we examined whether the PPARGC1A gene locus is associated with type 2 diabetes mellitus. We also investigated its association with clinical and metabolic parameters in healthy and diabetic subjects. Methods: After sequencing exons and their boundaries of the PPARGC1A gene, including the promoter region (∼1.5 kb), we genotyped eight common single nucleotide polymorphisms (SNPs) in an association study comprising 762 unrelated patients with type 2 diabetes and 303 non-diabetic control patients. We divided the patients with type 2 diabetes into quartiles or three groups according to age at diagnosis of type 2 diabetes (early-onset: <40 years of age, average-onset: 40≤<60 years, and late-onset: ≥60 years).
Introduction
Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) is a transcriptional coactivator involved in the regulation of several key metabolic processes associated with type 2 diabetes, including adaptive thermogenesis, beta oxidation of fatty acid, insulin release by the beta cell, hepatic gluconeogenesis and glucose utilisation in peripheral tissues [1] [2] [3] [4] [5] . PGC-1α stimulates mitochondrial biogenesis and respiration by regulation of uncoupling proteins and nuclear respiratory factors [1] . In addition, increased expression of PGC-1α in pancreatic beta cells has been reported to blunt the glucose-induced increase in cellular ATP levels and insulin exocytosis [2] . PGC-1α stimulates hepatic gluconeogenesis and fatty acid oxidation by interaction with hepatocyte nuclear factor 4 alpha (HNF-4α), the forkhead transcription factor 1 (FOXO1) and peroxisome proliferator-activated receptor alpha (PPAR-α) [3, 4] . Furthermore, hepatic PGC-1α expression increases in a mouse model of diabetes, and PGC-1α deficiency in diabetic mice, generated by adenoviral delivery of PGC-1α siRNA to the liver, improves glucose tolerance [6] . In contrast, PGC-1α increases glucose transporter 4 expression via coactivation of myocyte-specific enhancer factor 2C (MEF-2C) and thereby enhances glucose uptake in the skeletal muscle [5] . Skeletal muscle expression of PGC-1α was reduced in both type 2 diabetic patients and non-diabetic subjects with family history of type 2 diabetes in comparison with control subjects [7, 8] . Finally, previous reports have shown linkage of the PPARGC1A genomic region on chromosome 4p15.1 with fasting insulin concentration in Pima Indians and with BMI in Mexican Americans [9, 10] . Therefore, genetic variation of PPARGC1A has been implicated in the onset of type 2 diabetes [11] . Until now, single nucleotide polymorphisms (SNPs) in the transcribed sequence of PPARGC1A have been associated with type 2 diabetes in Danish and Japanese, but not in French and Pima Indian populations [12] [13] [14] [15] . Recently, promoter SNPs have been reported to affect transactivation in an allele-specific manner and to be associated with carbohydrate metabolism [16] . In this study, we examined whether the PPARGC1A gene locus is associated with type 2 diabetes mellitus. We also investigated its association with clinical and metabolic parameters in healthy and diabetic subjects.
Subjects and methods

Subjects
The 24 DNA samples from Korean subjects for the initial sequencing were randomly selected from unrelated local residents with no history of familial diseases. With 24 samples (48 chromosomes), it might be expected that more than 90% of SNPs had a frequency greater than 0.05 [17] . We studied 762 unrelated patients with type 2 diabetes (age: 59±10 years, onset age: 50±10 years; 356 men, 406 women) and 303 non-diabetic control subjects (age: 65±4 years; 139 men, 164 women). All subjects who enrolled in this study were of Korean ethnicity. Type 2 diabetes was diagnosed according to World Health Organization criteria [18] . We excluded subjects who were positive for GAD antibodies and started insulin treatment within 1 year of diagnosis, and those who were ketosis prone. We divided the patients with type 2 diabetes into subgroups as follows: (1) early-onset diabetes (age at diagnosis: 25≤<40 years, n=119; 71 men, 48 women); (2) average-onset diabetes (age at diagnosis: 40≤<60 years, n=507; 230 men, 277 women); and (3) late-onset diabetes (age at diagnosis: ≥60 years, n=136; 55 men, 81 women). Differences in genotype frequencies were compared between the non-diabetic group and each of the groups defined according to age of diagnosis. Selection of non-diabetic control subjects was done according to the following criteria: (1) 60 years or older; (2) no past history of diabetes; (3) no diabetes in first-degree relatives; (4) a fasting plasma glucose concentration of less than 6.1 mmol/l; and (5) an HbA 1 c value of less than 5.8%. The Institutional Review Board of the Clinical Research Institute at Seoul National University Hospital approved the study protocol, and informed consent for genetic analysis was obtained from each subject. All study subjects were examined the morning after an overnight fast. The parameters measured were height, were selected based on location (promoter, exon and exon-intron boundary), frequency (>0.05 in the regulatory region and >0.1 in the intron), linkage disequilibrium (LD) status and haplotype tagging status. The eight relatively frequent polymorphisms were genotyped by fluorescence polarisation detection. Amplifying primers and probes were designed for TaqMan [19] . Information regarding the primers is available on our website (http://www.snp-genetics.com/ reference/PGC1_add_info.doc). With the TaqMan method, more than 97% success rate was usually obtained for ge- notype. No mismatchings were detected among 10% of duplicates in 384 plates.
Statistics Differences in genotype frequencies were compared using the chi square test or the chi square test for trend. Genotypes were given codes of 0, 1 and 2; 0, 1 and 1; and 0, 0 and 1 in the additive, dominant and recessive models, respectively. To approximate a normal distribution, triglycerides, fasting insulin and homeostasis model assessment of insulin resistance (HOMA-IR) were log transformed before analysis. For association analyses of diabetes-related phenotypes, age, sex and BMI were adjusted using a general linear regression procedure (genotypes for dominant and recessive models, as well as sex, were entered fixed factor; genotypes for additive models, age and BMI were entered covariate). We examined Lewontin's D′(|D′|) and the LD coefficient r 2 between all pairs of biallelic loci [20] . Haplotypes of each individual were inferred using the algorithm developed by Stephens et al. [21] (PHASE), which is a Bayesian approach incorporating a priori expectations of haplotypic structure based on population genetics and coalescent theory. A p value of less than 0.05 was considered statistically significant.
Results
After screening for SNPs in the PPARGC1A gene, 13 SNPs were identified and eight common SNPs were selected for larger scale genotyping (Fig. 1a) . The genotype distributions of the eight SNPs were in Hardy-Weinberg equilibrium. There was no significant association between individual PPARGC1A SNPs and type 2 diabetes after correction for multiple comparisons (Table 2) . Haplotype blocks were constructed using LD patterns (|D′|>0.7), and two blocks were found in this study (Fig. 1b) . We selected common haplotypes (frequency>0.05) from each block, which account for 97.7-98.0% of the observed haplotypes (Fig. 1c) . However, there was no significant association between common haplotypes and type 2 diabetes after correction for multiple comparisons (Table 3) .
Next, we examined the association between the PPARG C1A polymorphism and the age at diagnosis of type 2 diabetes or early-onset type 2 diabetes. The frequencies of g.−1789G>A and haplotype ht2 (−1789A and −1437T) of block 1 in the promoter region were significantly different between patients with early-onset, average-onset and lateonset type 2 diabetes after correction for multiple com- parisons (Tables 4, 5 ). Furthermore, two SNPs and ht1 and ht2 haplotypes of block 1 in the promoter region revealed a significant association with early-onset type 2 diabetes even after Bonferroni correction (Tables 4, 5 ). Since the effect of age was not our primary concern, we divided type 2 diabetic patients into quartiles according to age at diagnosis. There was a significant increasing trend in the combined proportion of variant heterozygotes and homozygotes (i.e. a dominant model) of g.−1789G>A and g.−1437C>T according to increasing quartiles of age at diagnosis of type 2 diabetes (χ 2 for trend=4.138, p=0.042; χ 2 for trend= 4.618, p=0.032, respectively; Fig. 2) .
Although there was a marginal significance level, the SNPs of g.61343T>C, g.76874C>T (T612M), and the haplotype ht3 (61343C, 61647T, 61719T, 75919G and 76874T) of block 2, were associated with average-onset type 2 diabetes (Tables 4, 5 ). In addition, their associations with type 2 diabetes were increased after the exclusion of the late-onset group (p=0.008, p=0.007 and p=0.007, respectively).
For the association analyses of the diabetes-related phenotypes, non-diabetic control subjects and diabetic patients were treated separately. However, there was no significant association between genotypes or haplotypes of PPARG-C1A and fasting plasma glucose, insulin, HOMA-IR, waist circumference, BMI, blood pressure and lipid profiles when adjusting for multiple comparisons in either the control group or the diabetic group (data not shown).
Discussion
In this study, no strong association was detected between SNPs or common haplotypes of PPARGC1A and type 2 diabetes. However, we found that SNPs and haplotypes of the PPARGC1A promoter region were associated with age of diagnosis of type 2 diabetes and early-onset type 2 diabetes. To our knowledge, this is the first study to suggest that PPARGC1A promoter polymorphisms might be associated with onset age of type 2 diabetes and early-onset type 2 diabetes. However, we could not find any association with the diabetes-related phenotype. Therefore, before concluding that the genetic variations of the PPAR GC1A promoter region are associated with early-onset type 2 diabetes, replication studies in other populations are necessary.
At this time, we can only speculate on the mechanism linking genetic variation of PPARGC1A to the susceptibil- ity of early-onset type 2 diabetes. Interestingly, the constructs harbouring g.−1437C (g.−1422C in the previous study) revealed increased reporter gene activity independent of MEF-2C expression in HepG2 cells compared with the constructs harbouring g.−1437T [16] , although the SNPs at g.−1789 and g.−1437 are located within putative MEF-2C binding sites in the murine [22] and human [16] gene. Increased expression of PGC-1α in the liver enhanced hepatic gluconeogenesis [3, 4, 6] , and increased PGC-1α expression in pancreatic beta cells blunted the glucose-induced insulin release [2] . Therefore, the SNP of g.−1437C, which displayed increased promoter activity in the hepatoma cell line, could contribute to the pathogenesis of early-onset type 2 diabetes. However, increased expression of PGC-1α in skeletal muscle enhances glucose uptake by induction of GLUT-4 expression, and thereby improves the glucose tolerance [5] . At this time, it is unclear whether the promoter effects of g.−1437C>T are tissue-specific or whether this polymorphism is in linkage disequilibrium with other SNPs of PPARGC1A located in more forward promoter regions that revealed allele-and tissue-specific promoter effects [16] . Regarding the association between the PPARGC1A polymorphism and the age of onset of type 2 diabetes mellitus, it is interesting that skeletal muscle expression of PGC-1α was reduced not only in type 2 diabetic patients but also in non-diabetic subjects with a family history of type 2 diabetes when compared with control subjects [7, 8] . Expression in skeletal muscle was influenced by ageing and the PPARGC1A polymorphism, and the effects of the PPARGC1A polymorphism on skeletal muscle expression were age-dependent [23] . The age-dependent effects of the PPARGC1A polymorphism suggest that the association between PPAR GC1A genetic variation and type 2 diabetes might be different for different generations [23] .
In this study, we could not replicate the association between type 2 diabetes and g.75919G>A (G482S) [12] , which is also known to be associated with insulin resistance and early insulin secretion [13, 15] although there was no significant association in other reports [14, 16] . However, our study did not have sufficient power to detect an association between the G482S polymorphism and the risk of type 2 diabetes (power 0.445, α error 0.05), assuming the genotype risk is similar to that of patients in a Danish study [12] . Interestingly, the SNPs at g.61343T>C and g.76874T>C (T612M) were associated with age at diagnosis of type 2 diabetes. In addition, the SNPs at g.613 43T>C and g.76874C>T (T612M), and the ht3 (61343C, 75919G, 61647T, 61719T and 76874T) haplotype, were associated with type 2 diabetes after exclusion of the lateonset group. In particular, g.76874C>T (T612M) has been reported to be associated with type 2 diabetes [12] . In contrast to G482S, this allele is conserved between human beings and mice [12] .
There were a few limitations of our study design. Our study was not designed to detect susceptibility effects attributable to rare variants, nor was it designed to investigate whether variants influence several intermediate traits relevant to the pathogenesis of type 2 diabetes. Since we mainly screened the regions of the promoter, the exon and the exon-intron boundary, it may not be possible to detect susceptibility effects due to variants lying some distance from the 'core' gene elements.
In conclusion, we found that SNPs and haplotypes of PPARGC1A genes, especially within the promoter region, were significantly associated with age of diagnosis of type 2 diabetes and early-onset type 2 diabetes in the Korean population. Our observations suggest that the genetic variation of PPARGC1A might be useful for the detection of subjects genetically susceptible to early-onset type 2 diabetes.
